PTEN (phosphatase and tensin homologue deleted on chromosome 10) is a tumour suppressor that functions as a PtdIns(3,4,5)P 3 3-phosphatase to inhibit cell proliferation, survival and growth by antagonizing PI3K (phosphoinositide 3-kinase)-dependent signalling. Recent work has begun to focus attention on potential biological functions of the protein phosphatase activity of PTEN and on the possibility that some of its functions are phosphatase-independent. We discuss here the structural and regulatory mechanisms that account for the remarkable specifi city of PTEN with respect to its PtdIns substrates and how it avoids the soluble headgroups of PtdIns that occur commonly in cells. Secondly we discuss the concept of PTEN as a constitutively active enzyme that is subject to negative regulation both physiologically and pathologically. Thirdly, we review the evidence that PTEN functions as a dual specifi city phosphatase with discrete lipid and protein substrates. Lastly we present a current model of how PTEN may participate in the control of cell migration.
Introduction
PTEN (phosphatase and tensin homologue deleted on chromosome 10) is a dual specifi city, inositol lipid and protein tyrosine phosphatase that is mutationally inactivated or whose expression is lost in a wide range of sporadic human tumours. Germline mutations in PTEN are also responsible for human cancer predisposition syndromes such as Cowden's disease and Bannayan Riley Ruvalcaba syndrome and heterozygous PTEN +/− mice often eventually die from multiple sporadic tumours [1] [2] [3] . Many of these effects can be attributed to the lipid phosphatase activity of PTEN through which it functionally antagonizes PI3K (phosphoinositide 3-kinase)-dependent signalling [2, 4, 5] . These observations have sparked enormous interest in understanding all aspects of PTEN function that contribute to understanding its pervasive impact in human disease. This article explores the biochemical characteristics of PTEN and how these relate to physiological functions. Firstly what is the range of inositide substrates utilized by PTEN in vitro and how might this differ in the cellular environment. Secondly, what is the signifi cance of PTEN´s protein tyrosine phosphatase activity and its relationship to tumour suppression. Thirdly, is the phosphatase activity dispensable for any functions attributable to the PTEN protein? One emerging concept that is being explored in our laboratory is the idea that PTEN exists in cells in a form that is constitutively active to a signifi cant degree. PTEN therefore has a key role in maintaining PI3K-dependent lipid signals below the threshold required to initiate signalling. This would explain why loss of PTEN causes basal lipid signals to increase, leading to constitutive activation of the PI3K pathway. -independent C2 domain, both of which are required for enzymatic activity. The short N-terminus contains a basic patch which can bind to PtdIns(4,5)P 2 in membranes while the C-terminal tail contains multiple serine and threonine residues that can be phosphorylated by CK2. Thr 366 is a newly identifi ed target for phosphorylation by glycogen synthase kinase 3.
It also may explain why control of PTEN often involves its inhibition, providing a means to stimulate signalling without direct activation of PI3Ks.
Inositol lipids and phosphates as PTEN substrates
PTEN can utilize a variety of substrates in vitro. These include acidic phospho-tyrosyl peptides, inositol phosphates, such as Ins(1,3,4,5)P 4 and Ins(1,3,4,5,6)P 5 , and all naturally occurring inositol phospholipids that possess a phosphate in the 3-position of the inositol ring [2, 6] . The substrate specifi city of PTEN in vivo is thus a key to understanding the biological signifi cance and tumour suppressor function of this enzyme. The crystal structure of PTEN [7] reveals a broad and deep active-site pocket with positively charged residues that bind and accommodate the bulky, negatively charged headgroup of PtdIns(3,4,5)P 3 . Moreover, there is no indication from the structure of any likely interactions with either the glycerol or fatty acid moieties of its lipid substrate. Hence it is not surprising that, under some assay conditions, Ins(1,3,4,5)P 4 and Ins(1,3,4,5,6)P 5 are effi cient PTEN substrates [6, 8] . Since both of these compounds occur naturally in cells they could be important physiological substrates and/or could compete with lipid substrates for PTEN´s attention. It appears, however, that PTEN´s catalytic mechanism, in concert with allosteric regulation by the non-substrate lipid, PtdIns(4,5)P 2 , prevent access of soluble substrates under physiological conditions.
A model for interfacial catalysis, allosteric regulation and substrate specifi city of PTEN PTEN interacts with acidic membranes or phospholipid vesicles via its Ca 2+ -independent C2 domain, which, together with the phosphatase domain, comprises the minimal catalytic unit [7] . These interactions are enhanced by PtdIns(4,5)P 2 which interacts with a basic patch at the N-terminus of PTEN [4, 9, 10] . Indeed, PtdIns(4,5)P 2 was reported to stimulate PTEN´s lipid phosphatase activity by an allosteric mechanism [11] . We disputed this claim because PtdIns(4,5)P 2 simultaneously augments lipid phosphatase while profoundly inhibiting activity against Ins(1,3,4,5)P 4 , and argued instead that the active site of PTEN is not available to soluble substrates when the enzyme is adsorbed to lipid surfaces [2, 9] . This argument also proves to be too simplistic because Campbell et al. [11] used water soluble, short-chain lipids in their assays that do not form micelles or vesicular aggregates at the concentrations used in the assays. Hence it seems that PtdIns(4,5)P 2 may indeed be an allosteric regulator of PTEN that functions to enhance its association with substrate-containing membranes and induces a conformational state that somehow prevents access to soluble substrates. This effect is further enhanced by physiological levels of monovalent salts (KCl or NaCl) which also promote hydrolysis of lipid substrates, but reduce activity against Ins(1,3,4,5)P 4 [6] .
It is particularly interesting that mutation of several residues in the C2 domain of PTEN (M-CBR3 mutant) reduce its ability to associate with membranes, greatly reducing biological activity when expressed in PTEN null cells, but also enhancing activity against soluble substrates [12] . Expression of PTEN(M-CBR3) greatly reduced cellular levels of Ins(1,3,4,5,6)P 5 , confi rming that this mutant has improved access to soluble substrates in vivo. More recently we have also shown that phosphorylation of the C-terminal serine/threonine cluster (which appears to involve CK2, formerly known as casein kinase 2, in cells) induces a PTEN conformation that inhibits dephosphorylation of lipid substrates, but enhances metabolism of Ins(1,3,4,5)P 4 (C.P. Downes, N.R. Leslie and N. Perera, unpublished work). It therefore appears that in wildtype PTEN under physiological conditions, the enzyme adopts a conformation that restricts access to potentially competing soluble substrates. This effect is further enhanced by the allosteric actions of PtdIns(4,5)P 2 and by the C2 domain binding to membrane surfaces and reversed by phosphorylation of the C-terminus. These data are compatible with a two-state model in which PTEN exists in two conformations, one favouring lipid substrates over inositol phosphates and the other having a relatively greater activity against soluble substrates. This is illustrated in Figure 2 which also emphasizes the fact that physiological intracellular conditions favour the stabilization of PTEN in a form which greatly prefers lipid substrates.
As noted above, PTEN is capable of metabolizing several lipid substrates which possess a phosphate group at the 3-position of the inositol ring, but our evidence suggests that of these PtdIns(3,4,5)P 3 is the only physiologically relevant substrate in vivo. PTEN is an interfacial enzyme that binds relatively weakly to membrane surfaces by virtue of its C2 domain and N-terminal PtdIns(4,5)P 2 binding motif [7, 9, 13] . A detailed interfacial kinetic analysis confi rmed that recombinant PTEN binds only weakly to the surface of lipid vesicles and enabled us to determine the values of K cat and interfacial K m (the mole fraction of substrate lipid or interfacial concentration required for half maximal activity) for several lipid substrates. Importantly, PTEN has a much lower interfacial K m for PtdIns(3,4,5)P 3 than for other 3-phosphoinositides, indicating that it effi ciently metabolizes only this lipid at the very low mole fractions that occur naturally in membranes [6] . There is much debate in the literature on lipid metabolizing enzymes about whether these enzymes derive kinetic advantage by being targeted to substrate-bearing membranes and/or through interfacial activation [14] . The latter case implies that interfacial binding induces a high activity conformational state of the enzyme. As described above there is increasing evidence that PTEN undergoes interfacial activation that is characterized by a state that greatly prefers lipid substrates. This conclusion is further supported by the kinetic data which suggest, from the combination of K cat and the interfacial binding constant, that PTEN can perform one or at best a handful of catalytic cycles each time it binds to the membrane. These 'brief encounters' with the membrane have recently been elegantly demonstrated in Dictyostelium and mammalian cells by total internal refl ection fl uorescence microscopy of GFP (green fl uorescent protein)-tagged PTEN constructs [15] .
Combining the above information a picture emerges of an enzyme which undergoes dynamic, transient interactions with membranes via its C2 domain and N-terminal PtdIns(4,5)P 2 binding site. These interactions induce a conformational state of the enzyme which is characterized by very high activity towards lipid substrates and correspondingly weak activity towards soluble inositol phosphates. In this state, differences in the values of interfacial K m account for the very high degree of selectivity for PtdIns(3,4,5)P 3 over other 3-phosphorylated lipids. Current evidence suggests that PtdIns3P and probably PtdIns(3,5)P 2 are instead metabolized in vivo by members of the myotubularin family of lipid 3-phosphatases [16, 17] , while the major route of PtdIns(3,4)P 2 metabolism is its dephosphorylation to PtdIns3P by the inositol polyphosphate 4-phosphatases [18] .
Inhibitory regulation of PTEN
PtdIns(3,4,5)P 3 , the product of type I PI3K is metabolized by two distinct routes. In addition to removal of the 3-phosphate by PTEN, several members of the inositide 5-phosphatase family have the capacity to degrade PtdIns(3,4,5)P 3 to PtdIns(3,4)P 2 . SHIP (SH2 domain containing inositol polyphosphate 5-phosphatases) 1 and 2 are the best characterized of these activities [19] . As both PTEN and SHIPs function to remove PtdIns(3,4,5)P 3 and SHIP2 has a similarly broad tissue distribution, it is perhaps surprising that PTEN and SHIP2 appear to have very different biological roles. Whereas PTEN homozygous knockout is embryonic lethal in mice [20] , SHIP2 −/− mice are viable and either die from extreme hypoglycaemia or are resistant to the effects of a high fat diet, making SHIP2 an attractive target for Type II diabetes or treatment of problems resulting from the so-called metabolic syndrome [21, 22] . One difference is that PTEN directly reverses the PI3K reaction whereas SHIPs generate another potential lipid second messenger, PtdIns(3,4)P 2 . The latter lipid binds to several proteins that are also targets of PtdIns(3,4,5)P 3 , such as PKB (protein kinase B) and DAPP (Dual Adaptor for Phosphoinositides and Phosphotyrosine)1, but also binds highly selectively to the PH (pleckstrin homology) domain of TAPP (Tandem PH domain protein)1 [23] . TAPP1 in turn binds to the PTP (protein tyrosine phosphatase) L1, and this complex translocates to the plasma membrane when PtdIns(3,4)P 2 levels are elevated. It is possible that this provides a feedback loop whereby growth factor receptor-stimulated tyrosine kinase activity can be antagonized [24] . The actin regulatory protein, MIG-10/lamellipodin, also possesses a PH domain with reported specifi city for PtdIns(3,4)P 2 , implicating this lipid in axon guidance during neuronal development [25, 26] .
While the signalling function of PtdIns(3,4)P 2 may explain in part the differences between PTEN and SHIP2-mediated metabolism of PtdIns(3,4,5)P 3 , there is another important distinction between these pathways. SHIPs contain an SH2 domain, a poly-proline region and phosphotyrosine motifs, and appear to be tightly regulated, with low basal cellular activity. By contrast, PTEN lacks obvious regulatory domains and appears to have relatively high constitutive activity in vitro and in cells. This would explain why PTEN null cells have greatly elevated PtdIns(3,4,5)P 3 levels and thus constitutive activation of PI3K signalling pathways and also prompts the question as to whether PTEN may normally be subject to negative regulation.
In our laboratory we have been exploring this idea by studying regulatory mechanisms that inhibit PTEN activity. The fi rst such mechanism to be characterized in detail involves the reversible oxidation of PTEN´s active-site cysteine residue (see Figure 1) . PTEN is a member of the protein tyrosine phosphatase superfamily which relies on a highly reactive active site cysteine residue in the characteristic CX 5 R motif. PTEN has been shown to be highly sensitive to oxidation, and in response to treatment with hydrogen peroxide forms an inactive disulfi de involving the active-site residue (Cys 124 ) and Cys 71 which lie close together in the crystal structure [27] . This process can be reversed in the presence of reducing agents which restore the enzyme to full activity. We were able to show that cellular PTEN can be oxidized both by exposure of cells to exogenous hydrogen peroxide or by production of endogenous oxidants in response to receptor stimulation. Moreover, oxidants could activate PI3K signalling, as indicated by the phosphorylation and activity state of PKB, in a PTEN-dependent manner [28] . More recently, PDGF (platelet-derived growth factor) and insulin were shown to stimulate oxidation of a fraction of the cellular PTEN with consequent effects on the PI3K pathway [29, 30] . These results provide a potential mechanism for the well-known insulin-mimetic effects that occur on exposure of many cells to hydrogen peroxide. It is possible that reversible oxidation of PTEN, and perhaps several other members of the protein tyrosine phosphatase family, will prove to be a control mechanism which bears comparison with other post-translational modifi cations such as phosphorylation of serine, threonine or tyrosine residues. If so then it will be necessary in each case to defi ne the relevant oxidizing and reducing species in the cellular environment which are responsible for the forward and reverse reactions in such a process.
The above results suggest that inhibition of PTEN provides a means to stimulate downstream signalling through the basal, unstimulated activity of PI3K. More signifi cantly it may provide a feed forward mechanism that would amplify PI3K signalling in a spatially coordinated manner. This is because PtdIns(3,4,5)P 3 can activate guanine nucleotide exchange factors that convert the small GTPase, Rac 1 , into its active, GTP-bound form and this in turn can participate in the assembly of an active NADPH oxidase which synthesizes superoxide anion at the plasma membrane [31] . The generation of short-lived reactive oxygen species at the site of active PtdIns(3,4,5)P 3 production should locally oxidize and inhibit PTEN thus amplifying the signal. It seems likely that reversible oxidation of PTEN could provide a means to generate the steep gradients of PtdIns(3,4,5)P 3 that are required for polarized cell responses such as cell movement in a chemo-attractant gradient [32] .
Is PTEN a dual specifi city enzyme with biologically signifi cant protein tyrosine phosphatase activity?
This is a question that has intrigued the fi eld since the discovery of the PTEN gene as a major tumour suppressor [33, 34] . It was immediately recognized that the gene encodes a protein that is a member of the protein tyrosine phosphatase family and many attempts were made to defi ne its substrate preferences and to identify cellular protein substrates. It was discovered that PTEN prefers highly acidic phosphotyrosyl-peptide substates such as poly(Glu-Tyr-P), but at this stage its physiological substrates remained obscure. The discovery that PTEN specifi cally removes the 3-phosphate from the inositide substrates discussed above was an important breakthrough [35] and was quickly followed by the observation that a mutation found in a Cowden's disease patient (G129E), which retained wild-type protein tyrosine phosphatase activity, was devoid of lipid phosphatase activity. This made it clear that the lipid phosphatase activity of PTEN is required for many of PTEN´s biological functions and at least some if not all of its tumour suppressor activity [36] .
With a clear picture emerging of the roles of PTEN as an antagonist of PI3K signalling, attention has turned once more to the biological signifi cance of its protein tyrosine phosphatase activity. Most of the work in this area makes use of PTEN(G129E), comparing its biological effects either with C124S or G129R mutations, both of which lack all enzyme activity. One of the fi rst indications of a biological function for PTEN´s protein tyrosine phosphatase activity came from studies of tumour cell migration which could be effi ciently blocked using PTEN(G129E), but not phosphatase-inactive mutants [37] . FAK (focal adhesion kinase) and the adaptor protein, Shc were proposed as tyrosine phosphorylated PTEN substrates, but subsequent work failed to confi rm this [38] [39] [40] . More recently several important biological responses have been attributed to PTEN´s protein tyrosine phosphatase activity. These include inhibition of ERK (extracellular-signal-regulated kinase) phosphorylation and activation, effects of PTEN on up or downregulation of expression of several genes and/or proteins [e.g. downregulation of expression of A kinase adaptor protein 121, downregulation of IGF (insulin growth factor)-II expression in hepatoma cells and inhibition of hyaluronic acid induced matrix metalloproteinase-9 expression] and inhibition of orthotopic invasion of human bladder cancer cells. The putative PTEN protein substrates in each of these cases were not identifi ed [41] [42] [43] [44] [45] .
As discussed in the preceding sections, the effi ciency of PTEN as a lipid phosphatase depends upon interfacial localization and activation mechanisms.
It might be expected therefore, that physiologically relevant protein substrates of PTEN might physically interact either with PTEN itself or through common scaffold proteins. PTEN is known to interact with multi PDZ-domain proteins of the MAGI (membrane-associated guanylate kinase with inverted domain structure) family via its C-terminus (see Figure 1) . Whether PTEN targets any direct protein substrates in this way is not clear at present although β-catenin and the PDGF (platelet-derived growth factor) receptor are two possibilities [46, 47] . In the latter case, PTEN binds to one or both of the PDZ domains of the Na + /H + exchange regulatory factor (NHERF) proteins which in turn can form a ternary complex with the PDGF receptor [48] .
PTEN may also interact directly with the 5-HT 2C receptor (5-HT is 5-hydroxy-tryptamine) via the latter's third intracellular loop and thereby antagonize agonist-induced phosphorylation. Disruption of this interaction mimicked the action of a 5-HT 2C receptor agonist by suppressing the enhanced fi ring rate of dopaminergic neurons induced by cannabinoids [49] . Another receptor that appears to bind PTEN directly is the NMDA (N-methyl-D-aspartate) receptor, the function of which depends upon PTEN´s protein phosphatase activity, although the precise mechanism is not yet understood [50] .
Despite the recent progress in this area, much more work is needed to confi rm the above results and to establish fi rmly the simple enzyme/substrate relationships that are implied by mostly indirect studies.
A phosphatase-independent function of PTEN?
Signifi cant progress has been made recently in understanding the molecular basis by which PTEN inhibits cell migration, one of the earliest observed effects attributable to PTEN´s protein tyrosine phosphatase activity (see above), and these studies also identify a phosphatase-independent function of the C2 domain [51] . PTEN is known to play an important role in the regulation of cell migration in the slime mould, Dictyostelium discoideum [14] , and in mammalian cells. Despite the fact that PI3K signalling contributes to cell motility and chemotaxis, the ability of PTEN to prevent tumour cell migration can be attributed to its protein tyrosine phosphatase activity since PTEN (G129E) is fully active in such models. Hall and colleagues [51] recently made use of an in vitro 'wound healing' assay to study cell migration in human glioma cell lines. These cells were PTEN null and, not surprisingly, re-expression of PTEN effi ciently blocked migration of cells into the 'wound'. The effects of wild-type PTEN were fully reproduced by PTEN(G129E), but not by a phosphatase-dead mutant, implying that the protein tyrosine phosphatase activity of the enzyme was suffi cient to prevent cell migration in this model. However, it was found that constructs lacking all phosphatase activity, but containing only the C2 domain also effectively prevented cell migration. This surprising result implied that the potential effect of the C2 domain must somehow be suppressed in the full-length protein and that the protein phosphatase activity of PTEN may be required to expose this function. Further, indirect experiments suggested that the phosphorylated C-terminus of PTEN could suppress the function of the C2 domain and that autodephosphorylation, specifi cally of Thr 383 , was suffi cient to relieve this inhibitory effect. This ability of the C2 domain to block cell migration was specifi c to PTEN because C2 domains from two other proteins were ineffective. Nevertheless these experiments do rely on overexpression of tagged proteins, and the molecular basis of the effect of the C2 domain remains unclear.
Further evidence for a phosphatase-independent function of PTEN has come from studying the PTEN interacting protein MSP58 [52] . When identifi ed in a yeast 2-hybrid screen, this protein appeared interesting, as it had been previously shown to transform chicken embryo fi broblasts. The authors went on to show that MSP58 bound to PTEN through what appears to be a phospho-specifi c interaction with phospho-Thr 366 of PTEN. The functional signifi cance of this interaction was implied by transformation assays in which anchorage-independent growth of mouse embryo fi broblasts was induced by MSP58 over-expression, but could be inhibited by either a wild-type or phosphatase-dead form of PTEN.
We decided to study the effects of PTEN on cell migration in a completely different and arguably more physiological context in the chicken embryo during gastrulation (C.P. Downes, N.R. Leslie, C. J. Weijer and X. Yang, unpublished work). In these experiments we are examining the migration of cells from the anterior primitive streak out into the mesoderm and back to line the length of the developing primitive streak. We also found that PTEN(G129E) was fully effective in blocking cell migration in this model. This effect, however, was abolished by removing the extreme C-terminus containing the PDZ domain binding motif implying that the targeting of PTEN through interaction with scaffold proteins is required. A current understanding of the mechanism underlying PTEN´s ability to prevent cell migration is illustrated in Figure 3 . 
Conclusions
PTEN is a dual specifi city phosphatase that exerts much of its biological infl uence through its ability to antagonize PI3K signalling by selectively hydrolysing the 3-phosphate of the lipid second messenger, PtdIns(3,4,5)P 3 . The evidence suggests that PTEN is constitutively active in cells and has a key role in maintaining basal PtdIns(3,4,5)P 3 levels below the signalling threshold. Hence negative regulation of PTEN, inactivating mutations, or reduced expression of the enzyme can all activate signalling pathways either independently of or in concert with stimulation of PI3K activity. The high degree of selectivity of PTEN in vivo is remarkable given its active site architecture and appears to be explained by the interfacial activation of the enzyme and more subtle discrimination between the different 3-phosphoinositide substrates that is refl ected in the values for interfacial K m . The current interest in PTEN´s protein phosphatase activity needs to bear these points in mind. For example, it seems likely that heterologous protein substrates would need to be specifically co-localized and/or orientated to the active site in order for PTEN to function as an effi cient phosphatase. Although much progress has been made using PTEN(G129E) that lacks lipid phosphatase activity, but retains activity against model peptide substrates, the identifi cation of mutations with the opposite selectivity (i.e. retaining lipid phosphatase, but not protein phosphatase activity) would provide valuable tools to determine the biological significance of PTEN´s apparent dual specifi city. 
